Impaired pulmonary oxygen (02) exchange is common during general anaesthesia but there is no clinical unanimity as to methods of prevention or treatment. We studied 14 patients at risk for pulmonary dysfunction because of increased age, obesity, cigarette smoking, or chronic lung disease. Pulmonary O2 exchange was measured during four conditions of ventilation: awake spontaneous, conventional tidal volume (CVT, 7 ml.kg-I ) or high tidal volume (HVT, 12 ml.kg-I ) controlled ventilation, and five min after manual hyperinflation (HI) of the lungs. The FI 02 was controlled at 0.5, and FETC0 2 was kept constant by adding dead space during HVT. Eight patients were ventilated with N20/02 and six with air/02. A rterial blood gases were used to calculate the (A-a)D02.
Our current belief about pulmonary function during anaesthesia is summarised in the statement by Hedenstierna, "the lungs oxygenate blood less efficiently in the anaesthetized than the awake subject". I General anaesthesia alters alveolar ventilation (VA), perfusion (Q), and VA/Q ratios, resulting in pulmonary venous admixture (Qsp) . 2 The underlying physiologic and morphologic changes include reduced functional residual capacity (FRC),1 .• airway closure' and atelectasis. hO Ventilation with high tidal volumes (HVT)6.RIO or intermittent hyperinflations (HI) of the lungs hll have been shown to improve pulmonary function in some circumstances, but the results have not been consistent or clinically generalis able. We therefore undertook a controlled trial to compare the effects of HVT and conventional tidal volume (CVT) ventilation on pulmonary 02 exchange during general anaesthesia, and to examine the further effect of manual HI.
METHODS
This study was approved by Departmental and Institutional Ethics Review Committees.
The patient sample was 14 adults of ASA physical status I to III having orthopaedic operations in the supine position under general endotracheal anaesthesia. None had functionally limiting respiratory disease, unstable cardiac or metabolic disease, or an acute respiratory infection. All were judged to be at increased risk for respiratory complications because of one or more risk factors: age (over 65 years), obesity (more than 20070 over ideal weight), a history of symptomatic lung disease or cigarette smoking.
Premedication was with lorazepam or midazolam plus an opioid. After arrival in the operating theatre an indwelling cannula was inserted into a radial artery with local anaesthesia. While lying supine before induction of general anaesthesia all patients breathed air/02 (F102 =0.5) for five minutes through a tightfitting mask connected to the anaesthesia circle system (Awake control condition). Inspiratory 02 concentration (FI02) was measured by a galvanic fuel cell oxygen analyser, end-tidal C02 (FETC02) by an infrared analyser, and tidal volume (VT) by a turbine vane flow transducer (Ohmeda 5250 RGM Monitor).
The anaesthetic technique was selected by the attending anaesthetist. After intravenous induction, Anaesthesia and Intensive Care, Vol. 21, No. 6, December, 1993 tracheal intubation was facilitated with succinylcholine. Maintenance drugs were isoflurane (0.25-0.5070) or a continuous infusion of propofol, supplemental opioids, and nondepolarising relaxants.
Patients were allocated by year of birth (odd or even numbered) into two groups, A and B. After intubation and four or five manual inflations, Group A patients received CVT ventilation and after 30 minutes were switched to HVT. For Group B patients the order was reversed. Lung ventilation (IPPV) was with an Ohmeda 7000 volume cycled ventilator at a rate of 10 litres.min-' and an I:E ratio of 1:2 via a circle system with a soda-lime absorber. The fresh gas flow was 10 litres.min -I of air/02 (6 patients) or N2010z (8 patients), with an FI02 of 0.5. Tidal volume (VT) during CVT ventilation was adjusted so that FETC02 was between 4.5 and 5.0070 (VT of 7-8 ml.kg-' ). During HVT ventilation approximately 300 ml of deadspace were added to maintain F ETC02 constant. Following the second 30-minute period, the lungs of all patients were manually hyperinflated three to four times to a peak pressure of 30 cm H20, which was held for 10 to 15 seconds.
After five minutes of awake spontaneous breathing (Awake) and 30 minutes at each tidal volume, and five minutes after HI, an arterial blood sample was drawn anaerobically, placed on ice, and analysed within three minutes in a Nova Stat Profile Blood Gas Analyzer at 37 cc. Heart rate (HR) and blood pressure (BP) were measured by a Dinamap Automatic BP Monitor at three-minute intervals. All measuring instruments were appropriately calibrated.
The calculation of alveolar oxygen tension was based on the formula adopted by Pappenheimer et al.: 12
Since Singapore is at sea level the barometric pressure was assumed to be 760 mmHg and alveolar water vapour partial pressure to be 47 mmHg. Day-to-day variation in barometric pressure in Singapore is less than 1070 (the Meteorological Service of Singapore; personal communication). The FIOZ and RQ were assigned constant values of 0.5 and 0.9 respectively.
Pulmonary gas exchange was estimated by calculating the (A-a)D02, based on F,02, temperature corrected P a 02, and calculated PA02. 11 Tabular data were analysed by ANOVA, and intergroup differences were tested by the Wilcoxon signed rank test applied sequentially for paired data, i.e. with each condition acting as the control for the next.
Stepwise variable selection (Statgraphics Statistical Graphics System) was used to select the best modelthat is, statistically significant combination of independent (explanatory) variables-to predict worsen-Anaesthesia and Intensive Care, Vol. 21, No. 6, Decemher, 1993 ing of 02 exchange, and the predictive value of that model was determined by Multiple Logistic Regression Analysis. All independent variables from Tables 1 and  2 , as well as inspiratory gas (N20 or N2), were tested. Some variables were reduced to binary form and assigned values of 0 (absent) or 1 (present). The probability of worsening was determined by first calculating the logit P by multiple linear regression: logit P=ao+a,X,+a2X2 ... Since logit P=ln (P/l-P), the odds for worsening are e'ogit P, and the conditional probability of worsening is P=e'ogit P -;.-(1+e'ogit P).
RESULTS
All subjects had extremity orthopaedic surgery in the supine position; six had joint arthroplasties and eight had surgical fixation of hip or femur fractures. The demographic data are shown in Table 1 . Respiratory Risk Factors are defined in methods. and number of patients with each risk factor is reported.
Mean VT was 7.1 (2.2) ml.kg-' during CVT ventilation and 1l.8 (2.6) during HVT. There were no differences among the four study conditions in pH, P a C02, BP, or temperature. Pooled (A-a)DOz, factored by type of ventilation, showed no statistically significant changes related to VT ( Table 2) . Analysis of Groups A and B separately revealed no differences attributable to the order of VT changes. The power of this experiment to detect a true difference of 50070 in (A-a)D02 between paired, i.e. consecutive, conditions was greater than 90070.
The effect of time on (A-a)DOz for the pooled sample, independent of tidal volume, is seen in Table 3 . There was no change between 30 and 60 minutes, but a significant (P< 0.01) decrease was seen after HI. (4) 103 (48)*
Unils of measuremenl: gas tensions-mmHg. Slalislicaltesling by ANOVA and the Wilcoxon signed rank If'st applied sequentially (jor paired data). HI-hyperinflation.
* Two-tailed probability P = 0.01, compared to the 60 min group.
There were 10 positive differences with an average rank of 9, 3 negative differences with an average rank of 4.
In seven patients (A-a)D02 worsened after induction of anaesthesia (mean + 27 (20) ), while in the remaining seven it was unchanged or improved (mean -37 (37)). These changes were not related to the baseline (Awake) (A-a)D02, and since they persisted into the 60-min study they are difficult to dismiss as random variation. In the seven with increased (A-a)D02 there was significant improvement after HI (P<0.05), and it is therefore unlikely that worsening was due to a decrease in cardiac output.
Using multiple logistic regression analysis only obesity and type of surgery (arthroplasty) were significant predictors of worsened 02 exchange; level of Y-r and inspiratory gas were not significant predictor variables. With both significant predictors in the model there was a 75% probability (odds of 3:1) of worsening; with both absent a 50070 probability (odds of 1:1).
DISCUSSION
Possible sources of error in this study included effects of premedication, incomplete denitrogenation during the Awake study, or leakage around the facemask. One investigator held the mask and constantly monitored the F102, which was measured from sidestream gas sampled directly above the mask. The time required for complete equilibration at this FI02 is not known, but studies in both volunteers and patients using comparable delivery systems estimate the halftime for N2 washout as approximately 20-45 sec. 14,1' Five minutes of breathing would reduce the error in the final FI02 to less than 1%.
The (A-a)D02 may not always reflect VA/Q mismatch and Qsp. Theoretical analysis Ih and clinical studies ]-IN describe a concentrating effect of N20 on alveolar P02 in low VA/Q lung units. This would cause (A-a)D02 to under-estimate the extent of V A/Q mismatch when the predominant disorder was a shift towards low VAQ. Dueck 19 found highly variable rates of N20 uptake in patients with severe VA/Q mismatch and argued that this explained the observed differences in Pa02 during anaesthesia. In our patients a concentrating effect of N20 should have resulted in significant improvements in (A-a)D02 compared with the air/02 group. Although the choice of air or N20 was not randomised, the two groups were well matched and this was not seen. We conclude that N20 has no clinically significant concentrating effect after 30 minutes of anaesthesia.
On the other hand, inhibition of hypoxic pulmonary vasoconstriction could increase venous admixture, but the drugs and doses that we used have not been shown to have a clinically significant inhibiting effect. 20 Increased (A-a)D02 and Qsp have been frequently observed when supine subjects breathed spontaneously or their lungs were ventilated with small tidal volumes,"" that is, 5 ml.kg 1 or less. Although it is widely held that impaired 02 exchange is the usual consequence of general anaesthesia, 24 few studies have controlled for intrinsic and extrinsic risk factors. "ON Those studies which were controlled,2911 especially when the subjects were young and healthy, generally failed to demonstrate impaired gas exchange.
In the present study we found no consistent deterioration of gas exchange after induction of anaesthesia, no change during anaesthesia attributable to time, no dependence on VT within the range we studied, no effect of N20, but significant improvement after manual hyperinflations. In another group of patients having lower abdominal gynaecologic surgery we found different results and HVT ventilation prevented worsening of (A-a)D02.34 Gynaecologic surgery, because of abdominal packs and headdown positioning, increases the risk of compression atelectasis. The protective effect of HVT may be limited to the prevention of compression atelectasis and not its reversal.
Studies using the multiple-inert-gas elimination method provide a physiologic explanation for our observations. Dueck 4 studied elderly smokers with chronic lung disease and found three patterns: an /tnaesthesia and Inlensh'e Care, Vol. 21, No. 6, December, /993 increased intrapulmonary shunt (V A/Q = 0), an increase in poorly ventilated (low V A/Q) units, or a mixed pattern. Similar results were reported by Hedenstierna and colleagues, who added CT scanning to their protocol and found dependent densities (atelectasis) in most patients. 35 . 37 However, Anjou-Lindskog et al. 38 found increased dispersion of V A/Q but a decrease or disappearance of shunt in 10 of 14 patients. Rehder et al. 27 found an increase in VA/Q mismatch in young, healthy subjects, but no increased shunting. These disparate observations suggest that anaesthesia does not have a consistent effect on pulmonary function. Although V A/Q mismatch generally increases, true shunting may either improve or worsen. The lungs of our patients were manually inflated immediately after intubation, and this may, as argued by Weenig et al,39 have prevented early atelectasis and shunting.
In half of our patients oxygenation worsened after induction of anaesthesia but improved again after HI. This suggests that the impaired 02 exchange was likely due to a reversible pulmonary process, i.e. atelectasis, and not to a decrease in cardiac output. Two "explanatory" variables, obesity and type of surgery, were predictive of worsening. The effect of obesity is well known, but it is uncertain what the surgical variable represents. It may be related to the state of the lungs just prior to induction, or may be an effect of surgery, e.g. pulmonary micro-embolism. In this group of patients pulmonary 02 exchange was more dependent upon patient and surgical risk factors than on lung ventilation or inspiratory gas. Only manual HI effectively improved gas exchange.
